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Abstract 

Single-top-quark production probes the charged-current weak interaction of the 
top quark, and provides a direct measurement of the CKM matrix element Vtb- We 
perform two independent analyses to quantify the accuracy with which the VF-gluon 
fusion {gq — > tbq) and qq — > tb signals can be extracted from the backgrounds at 
both the Tevatron and the LHC. Although perturbation theory breaks down at low 
transverse momentum for the VF-gluon fusion b differential cross section, we show how 
to obtain a reliable cross section integrated over low b transverse momenta up to a 
cutoff. We estimate the accuracy with which Vtb can be measured in both analyses, 
including theoretical and statistical uncertainties. We also show that the polarization 
of the top quark in VF-gluon fusion can be detected at the Fermilab Tevatron and the 
CERN LHC. 
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1 Introduction 



Single-top-quark production at the Fermilab Tevatron and the CERN Large Hadron 
CoUider (LHC) provides an opportunity to study the charged-current weak-interaction of 
the top quark |l|, ^ ^, ^, ^ H, 0|. Within the standard model, single-top-quark production 
offers a means to directly measure the Cabibbo-Kobayashi-Maskawa matrix element Vtb- 
Beyond the standard model, it is sensitive to a non-standard Wtb vertex, and to exotic 
single-top-quark production processes involving new particles ||, ||, |10|, |ll|, |T2|, |15 



In order to be a useful probe, the measurement of single-top-quark production must be 
accompanied by an accurate calculation of the standard-model production cross section and 
experimental acceptance, as well as an analysis of the associated backgrounds. 

It is useful to distinguish between three different types of single-top-quark production, 
based on the virtuality of the W boson. Fig. |l](a) shows the leading-order Feynman diagram 
for s-channel single-top-quark production |^ . This process has the theoretical advantage 
of proceeding via quark-antiquark annihilation, so the partonic flux can be constrained from 
Drell-Yan data [|l6l. The next-to-leading-order calculation has been performed for this chan- 
nel Ijl^, as well as a study of the acceptance and backgrounds 0, |T^. Fig. |l|(b) shows a 
Feynman diagram for t-channel single-top-quark production, often referred to as VT-gluon 
fusion [|I], 0, 1^, |, ^.Q The primary advantage of this channel is statistics. The cross section is 
almost 3 times larger than that of the s-channel process at the Tevatron (^/S = 2 TeV), and 
the cross section at the LHC is 100 times larger than at the Tevatron. The production cross 



section was recently calculated by us at next-to- leading order |T^, and the acceptance 
and backgrounds have been most completely studied in Ref. Fig. |l](c) shows a Feynman 
diagram for Wt production, where an on-shell W is produced ^ . This process proceeds 
via a gluon-6 interaction, which makes the cross section negligible at the Tevatron. However, 

at the LHC it contributes about 20% of the total single-top-quark cross section. Neither the 

^The s-channel process is sometimes referred to as the W* process; however, the W boson in the i-channel 
process is also off-shell. 
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(a) (b) (c) 

Figure 1: Representative Feynman diagrams for single-top-quark production at hadron collid- 
ers: (a) s-channel production, (b) t-channel production (W^-gluon fusion), and (c) associated 
production with a W boson. 

next-to-leading-order cross section,^ nor the calculation of the acceptance and backgrounds 
for this process, are yet available. 

In this paper we calculate the acceptance and backgrounds for single-top-quark produc- 
tion via VT-gluon fusion at the Tevatron and LHC. There are a number of differences with 
the analysis of Ref . [|18| . The most significant improvement is that we perform an accurate 
calculation of the acceptance, using our next-to-leading-order calculation of the total cross 
section. This is an essential ingredient in the extraction of the cross section from experiment, 
and can be used to normalize any future studies. The acceptance cannot simply be calculated 
by comparing the cross section from Fig. [^(b) with and without cuts, due to the breakdown 
of perturbation theory in the region where the initial gluon splits into a nearly-coUinear bb 
pair. The correct way to treat the coUinear region and calculate the acceptance is discussed 
in detail in Section 2. 



Our analysis of backgrounds differs from that of Ref. [IS] in that we advocate the use 
of one and only one b tag to isolate the signal, while Ref. [|18] requires one or more b tags. 
The main motivation for this is that we desire to separate single-top-quark production via 
H^-gluon fusion (which usually has only the b quark from top decay in the fiducial region) 
from the s-channel process (which usually has a b and a 6 in the fiducial region). This 
provides two independent measurements of Vtb, with different backgrounds and theoretical 
uncertainties. Perhaps more importantly, the two processes are generally influenced by new 



^The next-to-leading-order cross section is available for the identical process of Wc production [E2[ 
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physics in different ways, so the deviation of each process from the standard model would be 
a useful diagnostic 0, |, ^ |10|, [iT], |12|, |13|, |l^, |15[. We also perform an analysis of H^-gluon 
fusion at the LHC, while the study of Ref. concentrated on the Tevatron. 

Based on these results, we study the sensitivity with which Vtb can be extracted from 
single-top-quark production via W^-gluon fusion at both the Tevatron and the LHC, taking 
into account both statistical and theoretical uncertainties. We also perform an analysis of 
the s-channel process, and compare the results with those of the VT-gluon-fusion process. We 
consider the data collected during Run I at the Tevatron (^/S = 1.8 TeV) from 1992-1995 
(110 pb"i), the data that will be collected in Run II {VS = 2 TeV) beginning in 2000 (2 
fb~^), and additional data which may be collected (at the same energy) beyond Run II (30 
fb-i). 

Since the top quark is produced via the weak interaction in single-top-quark processes, it 
has significant polarization Q . An optimal basis for the measurement of this polarization, 
both for the s-channel process and for l^-gluon fusion, was recently introduced in Ref. [^ . 
We quantify the integrated luminosity required to observe this polarization, including the 
effects of acceptance and jet resolution. 

The paper is organized as follows. In Section 2 we calculate the acceptance for single-top- 
quark production via VT-gluon fusion. We pay particular attention to the issues associated 
with the splitting of the initial gluon into a nearly-collinear bb pair. In Section 3 we briefly 
discuss our calculational techniques. In Section 4 we present results for the signal and 
backgrounds at the Tevatron and the LHC, and analyze the accuracy with which Vtb can be 
extracted. Section 5 contains an analysis of the s-channel process. Section 6 is concerned 
with the polarization of the top quark in single-top-quark processes. We summarize our 
results in Section 7. 
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2 Acceptance 

We recently calculated the next-to-leading-order total cross section for single-top-quark 
production via ly-gluon fusion in Ref. |]5D|. The results are listed in Table ^ Experimen- 
tally, only the cross section which lies within the geometrical acceptance of the detector is 
measurable, so it is important to calculate this acceptance. Normally this is straightforward; 
one simply computes the ratio of the tree-level cross section with and without cuts. How- 
ever, the total cross section for ly-gluon fusion cannot simply be calculated from Fig. |l|(b), 
because perturbation theory breaks down in the region where the initial gluon splits into a 
nearly-collinear bb pair. Thus we must consider the correct way to calculate the acceptance. 

The pt spectrum of the b antiquark is shown in Fig. It is peaked at small pt, because 
the internal 6-quark propagator is close to being on shell when the initial gluon splits into a 
nearly-collinear bb pair. Since da /dp\ ~ 1/(Pt + ^V)i the cross section with the pt of the b 
antiquark above pxcut is proportional to ln[m^ / (Ptcm* Another power of this logarithm 
appears at every order in perturbation theory via collinear gluon radiation from the internal 
b quark, so the expansion parameter is aslii[mf/{p'^^^f- + "^b)]- Thus the calculation of the 
cross section is more accurate the larger the choice of pxcut- 

Unfortunately, it is not practical to simply choose a large value of pxcut and measure the 
cross section for Wbbj {j denotes the light-quark jet from the emission of the t-channel W 
boson in Fig. |l](b); Wb are the decay products of the t quark). There is a large background 
from tt production, which yields the final state WWbb; this mimics the signal when the 
additional W boson decays to two jets, and one jet is missed. To suppress this background 
we search for the signal in the final state Wbj, i.e., we demand that the b antiquark not 
appear in the final state. 

Fortunately, the cross section with the b antiquark below pTcut can be calculated with 
good accuracy, provided prcut is sufficiently large. This is achieved via a two-step procedure. 



In Ref. we calculated the total cross section {pxcut = 0) and summed the logarithmically- 



enhanced terms, a" ln"(m^/m^)/ra!, to all orders ^ ^ 0, |3^, To calculate the cross 
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Figure 2: Transverse momentum distributions of the b antiquark (solid line), the b quark from 
top decay (dashed line), and the light-quark jet (dotted line), in single-top-quark production 
via VT-gluon fusion (gq tbq) at the Tevatron (v^ = 2 TeV). 

section with the b antiquark below pTcuti we simply take the total cross section and subtract 
from it the cross section with the b antiquark above pTcut'^ 

a{pT < PTcut) = O-NLO - Cr{pT > PTcut) ■ (1) 

This is tantamount to integrating the transverse momentum of the b antiquark over all 
momenta below pTcut- 

We give in Table |T] the cross section for single-top-quark production via VT-gluon fusion 
with the b antiquark below pTcut = 20 GeV. These numbers can be used to normalize future 



studies. For example, Ref. |]18| studied the signal in the final state Wbq, using the process 
qb —>■ qt to approximate the W^-gluon-fusion process, and normalizing to the total cross 
section. However, it is more accurate to normalize to the cross section with the b antiquark 

below some chosen pTcut (20 GeV in Ref. [|IB|).g HERWIG and PYTHIAQ also simulate 

■^The cross section with the b antiquark above pTcut is calculated using the scale ^ Pt '^b the 
gluon distribution function and the strong coupling. 

''Ref. jl^ normalized to a cross section of 1.6 pb; we see from Table |l| that a more accurate cross section 
is 1.90 pb. 

SpYXHIA uses backwards evolution of the initial-state b distribution function to give the initial g ^ bb 



Table 1: Cross sections (pb) for single-top-quark production via W^-gluon fusion with mt 



175 GeV. The next-to-leading-order total cross section is taken from Ref. The last 

column gives the cross section with the b antiquark below pxcut = 20 GeV. The uncertainty 
is estimated from the scale variation of the cross section, and does not include the uncertainty 
in the parton distribution functions nor the uncertainty in the top-quark mass. 

VS aNLO (^{Pt < 20 GeV) 

1.8 TeV pp 1.70 ± 0.09 1.32 ± 0.14 
2 TeV pp 2.44 ± 0.12 1.86 ± 0.20 
14 TeV pp 245 ± 12 164 ± 14 



single-top-quark production via VT-gluon fusion using qb qt. 

Our strategy is therefore as follows. We use the process in Fig. |l](b) to calculate the 
differential cross section for single-top-quark production via VT-gluon fusion, using the scale 
A*^ = Pt + gluon distribution function and the strong coupling.^ If the px of the 

b antiquark is below pxcut, we normalize to the cross section calculated as described above. 
This yields most of the signal cross section {Wbq in the fiducial region). If the px of the b 
antiquark is above pxcut, we simply use the cross section obtained from Fig. |l|(b). This yields 
the final state Wbbq, which we reject if all three jets are in the fiducial region, but which 
contributes to the signal if one jet is missed, one and only one of the two remaining jets 
is 6-tagged and it, together with the W boson, reconstructs to the top-quark mass (within 
some resolution). This strategy avoids the occurrence of powers of asln(m^/m^) at higher 
orders in perturbation theory, which would degrade the accuracy of the calculation. 



2.1 Theoretical uncertainty 



In Ref. ||2^, we studied the uncertainty in the next-to-leading-order total cross section 



for single-top-quark production via l^-gluon fusion by varying the scale in the 6-quark dis- 
tribution function and the strong coupling. This indicated an uncertainty in the total cross 



splitting. 

^We use the scale /i^ = Q^, where is the virtuality of the i-channel W boson, for the light-quark 
distribution function IM. 
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section of ±5%, not including the uncertainty in the parton distribution functions and the 
top-quark mass. However, to obtain the cross section with the pt of the h antiquark below 
PTcuti we need to subtract from the total cross section the cross section with the pt of the 
h antiquark above pxcut, as discussed above. Since the latter is a tree-level calculation, its 
scale dependence is relatively large. We use the scale fi"^ = Px + the gluon distribu- 

tion function and the strong coupling, and find a ±30% uncertainty in this cross section at 
the Tevatron (±15% at the LHC) by varying yU between one half and twice this value. We 
add in quadrature the absolute uncertainty in the total cross section and the cross section 
with the Pt of the h antiquark above PTcut- This yields a relative uncertainty in the cross 
section with the pt of the b antiquark below PTcut of about ±10% at both the Tevatron 
and the LHCQ This is reflected in the uncertainty in the numbers in the last column of 
Table |l|. To reduce this uncertainty would require the resummation of the large logarithms 

In" [m^/ (pI^c^j ± ml)]/n\ which appear in the calculation of the cross section with the pt 
of the b antiquark above pxcut- 

Another source of uncertainty in the cross section is the uncertainty in the parton distri- 
bution functions, especially the gluon distribution function. This uncertainty has recently 
been studied in Ref. and it appears to be less than ±10% at both the Tevatron and 
the LHC. This is comparable to the uncertainty stemming from the scale variation described 
above. That study indicates that the uncertainty in the parton distribution functions could 
potentially be pushed below ±10%. 

The uncertainty in the top-quark mass also leads to an uncertainty in the cross section 



]. The present uncertainty in the top-quark mass of ±5.2 GeV |25] corresponds to an 
uncertainty in the cross section of ±9% at the Tevatron. Anticipating an uncertainty of ±3 
GeV from Run II at the Tevatron [|l^ corresponds to an uncertainty in the cross section of 

±5%, much less than the uncertainty from the scale variation and the parton distribution 

^Although the uncertainty in the cross section with the pt of the b antiquark above pTcut is half as large 
at the LHC compared with the Tevatron, the cross section itself is a larger fraction of the total cross section 
at the LHC (see Table This is why the uncertainty in the cross section with the px of the b antiquark 
below PTcut is comparable at the Tevatron and the LHC. 
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functions. The uncertainty in the top-quark mass at the Tevatron and the LHC will ulti- 
mately reach ±2 GeV or less [0, corresponding to an uncertainty in the cross section of 
±3% at the Tevatron, and ±2% at the LHC. 

Combining all theoretical uncertainties in quadrature, we estimate a theoretical uncer- 
tainty of about ±15% in the cross section at the Tevatron and the LHC, assuming an 
uncertainty in rrit of ±3 GeV or less. 

3 Calculation 

The top-quark mass is taken to be 175 GeV [^. We optimize our study for the dominant 
single-top-quark production mechanism, W^-gluon fusion. The final state, Wbbj, consists of 
a recoiling light-quark jet from the production of the t-channel W boson, a b antiquark from 
the splitting of the initial gluon, and the decay products of the top quark. As discussed in 
the previous section, the large ti background requires that we use Wbj as our signal, i.e., 
we reject events in which the b antiquark is detected above some PTcut- Thus our signal is 
a leptonically-decaying W boson (to reduce QCD backgrounds) plus two jets, with one and 
only one b tag. In addition to the ti background, the other principal backgrounds are Wbb 
and Wjj (with one jet mistagged), as well as Wcc and Wcj (with one c quark mistagged). 
The background WZ, with Z —>■ bb, is small and can be neglected.^ Requiring one and only 
one b tag helps reduce the ti —>■ WWbb, Wbb, and Wcc backgrounds, while maintaining 
almost all of the signal. 

The signal and backgrounds for single-top-quark production are calculated using tree- 
level matrix elements generated by MadGraph . The normalization of the l^-gluon-fusion 



cross section is determined as described in Section 2. The s-channel process is normalized to 



the next-to-leading-order cross section . The tt cross section is normalized to the next-to- 



leading-order result |2^, ^,0not including soft-gluon resummation |^ The Wbb 

Wcc, Wcj, and Wjj cross sections are calculated at leading order using the CTEQ4L |^ 



^In contrast, WZ with Z bb is an important background to WH with H bb, because Mz is near 
iTiH in the Higgs mass range of interest . 

^ We use the central values given in the last paper of Ref. [5^ . 
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parton distribution functions with the renormahzation and factorization scales chosen to be 
IJ? = s. Since these cross sections will be measured in the invariant-mass regions away from 
the top-quark mass, theoretical uncertainties in the normalization of these backgrounds will 
not limit the accuracy of the measurement of the signal cross section. The gb — > Wt cross 
section is also calculated at leading order using CTEQ4L and /i^ = s. 

We smear the jet energies with a Gaussian function of width AEj/Ej = 0.80/ ^JEj ©0.05 
(added in quadrature) to simulate the resolution of the hadron calorimeter. The momenta 
of overlapping jets {^Rjj < 0.7) are added and the resulting momentum is associated with a 
single jet. We do not smear the lepton energy, since this is a small effect compared with the 
smearing of the jet energies. The lepton must be separated from the jets {ARji > 0.7) or it is 
considered missed. The two solutions for the neutrino momentum which satisfy the missing- 
Pt and l^-mass constraints are reconstructed and the solution with the smallest magnitude 
of rapidity is chosen. This reconstructed event must pass the cuts listed in Table ^ used to 
simulate the acceptance of the detector. The rapidity and pt coverage are chosen to simulate 
a generic detector. Most of the jets are central at the Tevatron, so it is only necessary to have 
jet coverage to |?7j| < 2.5, while the jets are distributed over a wider range of rapidities at the 
LHC, necessitating converage to \rij\ < 4. Experimental results will by modified depending 
on actual detector capabilities. 

We assume a 6-tagging efficiency of 60% (50% for Run I) with a mistag rate of 15% for 
charm quarks and 0.5% for light quarks at both the Tevatron [0, |3^ and the LHC [ p8| . 



As we shall see, the large charm background suggests it may be advantageous to employ 
a strategy to reject charm (and light-quark) jets. We quantify the usefulness of increased 
charm and light-quark rejection in the search for single-top-quark production in the Tevatron 
Run I data. 

The Pt spectrum of the b antiquark, the b quark from the top decay, and the light-quark 
jet from the emission of the t-channel W boson, from single-top-quark production via W- 
gluon fusion, are shown in Fig. |^. The 6-quark pt spectrum peaks at about 60 GeV, and the 
light-quark jet has a broad px spectrum, while the b antiquark is produced mostly at low 
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Table 2: Cuts used to simulate the acceptance of the detector. The rapidity coverage for 
jets is taken to be \7]j\ < 2.5 at the Tevatron and |?7j| < 4 at the LHC The rapidity coverage 
for b tagging is taken to be |?7;,| < 1 at Tevatron Run I, and \rjb\ < 2 at Tevatron Run II and 
beyond, as well as at the LHC. The pre threshold is greater for charged leptons which are 
used as triggers (in parentheses). 

PTb > 20 GeV 
Pre > 10 GeV (20 GeV) 
PTj > 20 GeV 
\ARje\ > 0.7 

Pt- Hence the majority of our signal comes from tagging the b quark, with the light quark 
providing the second jet.[^ However, we include in our signal any final state with two and 
only two jets with pt > 20 GeV, with one and only one b tag. 

4 Results 

Our results are summarized in Table ^ The first column shows the total cross section 
times the branching ratio (2/9) for the top quark to decay semileptonically (not including 
the r lepton, which is treated as a jet). The signal cross section includes both t and i 
production. Similarly, the Wbb, Wcc, Wcj, and Wjj backgrounds account for both 
and W~ production times the branching ratio 2/9. The ti background is multiplied by the 
branching ratio 4/9 to include the possibility that either the t or the i decays semileptonically 
(a ti event can be a background to either single t or single t production). 

The second column in Table ^ shows the cross section for events which pass the detector 

acceptance. These events have one and only one 6-tagged jet, and at least one other jet. 

The numbers in parentheses are the cross sections for events which have a reconstructed biu 

invariant mass within ±20 GeV of the top-quark mass (to account for jet resolution). About 

70% of the single-top-quark events from VF-gluon fusion survive this cut at the Tevatron 

(60% at the LHC), while only about 40% of the tt events survive, and only 20% of the 
""^"^ After all cuts, this accounts for about 94% of the signal at both the Tevatron and the LHC. 



\Vb\<2{l) 
\Vi\ < 2.5 
h\<2.5 (4) 
\ARjj\ > 0.7 
> 20 GeV 
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Wbb, Wcc, Wcj, and Wjj events survive (at both machines). The low acceptance for these 
last four backgrounds is easily understood since there is no kinematic preference towards 
the top-quark mass. The tt acceptance is only about 40% because one half of the time the 
tagged b quark is associated with the other top-quark in the event. 

It is evident from Table ^that the largest background is ti — ^ W~^W~bb, and it is much 
larger than the signal. This background is particularly worrisome because it produces a peak 
in the biu invariant-mass spectrum at the top-quark mass, just as does the signal.|3 Hence it 
is important to apply additional cuts to reduce this background. Since this background has 
an additional W boson in the final state, we reject events which have an additional charged 
leptonQ with pre > 10 GeV, or an additional jet with pxj > 20 GeV and |?7j| < 2.5 at the 
Tevatron0 {\rij\ < 4 at the LHC). This reduces the ti background by a factor of 15 in the 
peak region at both the Tevatron and the LHC, while reducing the signal by only a modest 
amount, since the signal rarely has a third jet with pxj > 20 GeV. This "veto" yields 
the signal and background cross sections listed in the third column of Table 0. 

We show the biu invariant-mass distribution for single-top-quark production and the 
various backgrounds at the Tevatron (-v/S* = 2 TeV) in Fig. ^, and at the LHC in Fig. ^ 
The py-gluon-fusion process is prominent at both the Tevatron and the LHCj^ but the 
backgrounds are non-negligible. The ti background has been reduced to an acceptable level, 
but it is still significant, and because it has the same shape as the signal it will be necessary 
to know the normalization of this background independently. This could be achieved by 
measuring the ti cross section using the full W^W~bb final state, and then calculating its 
contribution to the Wbj background, as we have done. Since we desire to separate single-top- 
quark production via l^-gluon fusion from the s-channel process, it will also be necessary to 

measure the latter and subtract it from the signal. This can be achieved by double b tagging 

^^In contrast, the tt background is not as problematic for the process WH with H bb, because it does 
not produce a peak in the bb invariant mass near the Higgs mass [^6| . 
^^The T lepton is treated as a jet. 

^•^Increasing the jet rapidity coverage to |77j| < 4 at the Tevatron does not decrease this background 
significantly. 

^"^One of the factors contributing to the prominence of the signal, in comparison with the study in Ref. 
is that a poorer jet energy resolution was assumed in that study. 
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Table 3: Cross sections (fb) for single-top-quark production and a variety of background 
processes at the Tevatron and the LHC. The ly-gluon- fusion signal is denoted by tbj, and 
the s-channel process by tb. The first column is the total cross section for t + i production 
times the branching ratio (2/9) of the W boson to e,/i. The tt background is multiplied by 
a branching ratio of 4/9 to account for either the t or the t decaying semileptonically. The 
second column adds the cuts listed in Table |^ to simulate the acceptance of the detector, 
and also includes a 6-tagging efficiency of 60% (50% for Run I) with a mistag rate of 15% for 
charm and 0.5% for light-quark jets. Listed in parentheses is the cross section for events in 
which the reconstructed biu invariant mass is within ±20 GeV of the top-quark mass. The 
third column includes a jet veto pr <20 GeV to reduce the ti background. 
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Figure 3: The Mu invariant-mass (M) distribution for single-top-quark production and back- 
grounds at the Tevatron (v^ = 2 TeV) with single b tagging. The VT-gluon- fusion signal 
is denoted by tbj, and the s-channel process by tb (the Wt process is negligibly small). 
The Wjj background includes Wbb, Wcc, Wcj, and Wjj. The ti background is shown 
separately. 

0, as discussed in Section 5. This is unnecessary at the LHC, where the s-channel process 
is negligible. 

The remaining backgrounds — Wbb, Wcc, Wcj, and Wjj — all yield continuous spectra, 
and can therefore be calibrated by measuring them in the invariant-mass regions away from 
the peak region. These backgrounds are significant and comparable to each other at the 
Tevatron, but only Wcj is significant at the LHC. It may be desirable to reject more strongly 
events in which a charm or light quark fakes a b jet, at both the Tevatron and the LHC. The 
VXDS vertex detector in SLD has achieved a 6-tagging efficiency of 50%, with a mistag rate 
of only 1.24% from charm and 0.07% from light quarks 

The statistics for discovering a signal are different from those for measuring its cross 
section. To claim a discovery, one needs to demonstrate that the signal is not consistent 
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Figure 4: The Mu invariant-mass (M) distribution for single-top-quark production and back- 
grounds at the LHC with single b tagging. The PF-gluon-fusion signal is denoted by tbj, and 
the Wt process is also shown (the s-channel process is negligibly small). The Wjj back- 
ground includes Wbb, Wcc, Wcj, and Wjj. The tt background is shown separately. 
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Table 4: Statistical significance of the signal {S/ \fB) and accuracy of the measured cross 
section {s/ S + B / S) for single-top-quark production via W^-gluon fusion at the Tevatron 
and the LHC. Also given is the accuracy of the extracted value of Vtb, assuming a ±15% 
uncertainty in the theoretical cross section. 

S/^/B ./STB/S AVtb/Vt, 



1.8 TeV pp (110 pb"^^ 
2 TeV pp (2 fb"^) 
2 TeV pp (30 fb-^) 
14 TeV pp (1 fb-i) 



1.8 


69% 


35% 


11 


12% 


10% 


43 


3.0% 


7.6% 


73 


1.8% 


7.6% 



with a fluctuation in the background. The discovery significance is therefore governed by 
the number of signal events divided by the square root of the number of background events, 
S/ \fB. On the other hand, the accuracy with which a cross section can be measured is 
limited by the fluctuation in the total number of expected events in the signal region, S ^B. 
Thus the fractional uncertainty in the measured cross section is ^ S ^ B j S. 

We list in Table ^ the statistical significance of the single-top-quark signal, and the 
statistical uncertainty in the measured cross section, at the Tevatron and the LHC. All three 
single-top-quark production processes have been regarded as part of the signal in determining 
these numbers, although W^-gluon fusion is dominant .[^ We see that there is not sufficient 
data to discover single-top-quark production in the Tevatron Run I data, and the cross 
section can be measured only crudely. As mentioned above, it may be possible to increase 
the rejection of charm and light-quark jets. However, even if it were possible to achieve 100% 
rejection while maintaining the 50% 6-tagging efficiency the significance of the signal would 
be only 3cr, not enough for discovery, but perhaps enough for "evidence" of single-top-quark 
production in Run I. 

Single-top-quark production should be discovered (5cr) at Run II with about 500 pb^^ of 

integrated luminosity, and the cross section will ultimately be measured to an accuracy of 

^^The significance and statistical sensitivity for single-top-quark production via M^-gluon fusion alone are 
somewhat less, because the s-channel process and the Wt process must then be considered as backgrounds. 
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±12% with 2 fb~^ of integrated luminosity. This is comparable to the theoretical accuracy, 
which we estimated to be ±15% in Section 2.1. Combined in quadrature, and neglecting any 
systematic uncertainties, we conclude that Vtb can be measured to an accuracy of ±10% in 
Run II at the Tevatron (assuming Vtb ~ !)• 

Additional running at the Tevatron will reduce the statistical uncertainty further. An 
integrated luminosity of 30 fb^^ yields a statistical uncertainty in the cross section of only 
±3%. Together with the ±15% theoretical uncertainty, this yields an uncertainty in Vtb 
of ±7.6%. In order to maximally benefit from the reduced statistical uncertainty, it is 
necessary to reduce the theoretical and systematic uncertainties to a level comparable to the 
statistical uncertainty. The study of Ref. EM suggests that the uncertainty in the quark- 



gluon luminosity can be reduced below ±10%. The scale uncertainty in the cross section of 
±10% requires additional theoretical work to reduce, as discussed in Section 2.1. We have 
not attempted to estimate the experimental systematic uncertainties. 

The statistical uncertainty at the LHC is only 1.8% with just 1 fb~^ of integrated lumi- 
nosity. The accuracy with which Vtb can be measured will therefore be limited entirely by 
the theoretical and systematic uncertainties. It is a challenge to reduce these to a level such 
that one can benefit from the tremendous statistical sensitivity of the LHC. 

4.1 Forward jet tag 

The emission of the virtual t-channel W boson in single-top-quark production via IV-gluon 
fusion [Fig. [^(b)] results in a high-rapidity jet in the final state |0, 0, The same phe- 
nomenon occurs for Higgs production via WW fusion, and the tagging of this forward jet 
has been advocated to isolate the signal from the background for a heavy Higgs boson 



|2], In this section we investigate whether this feature of W^-gluon fusion can be 

used to increase the statistical significance {S/ VB) of our signal. 

We perform the same analysis as above, but we demand that the non-6-tagged jet have 
a rapidity whose magnitude is greater than rjcut- Before imposing the jet veto, we find that 
the significance rises slightly as rjcut is increased from zero, and then eventually decreases. 
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Figure 5: Significance of tlie single-top-quark signal in Run II at the Tevatron (a/S* = 2 TeV, 
2 fb"^^) versus the minimum rapidity of the non-6-tagged jet in the signal. Curves are shown 
with and without the jet veto imposed. 

This is shown in Fig. ^ at the Tevatron (^/S = 2 TeV), and the result is similar at the 
LHC However, after imposing the jet veto, we find that the significance decreases as rjcut 
is increased from zero, and is always greater than the signficance without the veto. This 
is also shown in Fig. |^. Thus this simple forward jet tag does not increase the significance 
of the signal. However, this forward jet is a characteristic of single-top- quark production 
via VT-gluon fusion, and its observation would build confidence that one has observed this 
process. 

5 Comparison with s-channel single-top-quark produc- 
tion 



The s-channel production of single top quarks, shown in Fig. |l|(a), also provides a means 
to measure the CKM matrix element Vtt @, 0- Furthermore, the s-channel and t-channel 
(VT-gluon fusion) processes generally have different dependence on new physics, so it is 
worthwhile to measure them separately M, [ 



I, |T0|, 0, III, 0, m, 0]. In this section we 
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calculate the sensitivity of the Tevatron to Vtb via the s-channel process, and compare it 
with the results for IV-gluon fusion presented in the previous section. 

The final state in s-channel production of single top quarks is Wbb. It can be separated 
from single-top-quark production via VT-gluon fusion by double b tagging, since W^-gluon 
fusion usually produces only one b jet with pt > 20 GeV. The s-channel process has a 
smaller cross section than 14^-gluon fusion, and the efficiency of double 6-tagging is less than 
that of single b tagging, so the statistical sensitivity is less for the s-channel process. However, 
this is compensated by the smaller theoretical uncertainty in the cross section |17|. 

The analysis of signal and backgrounds follows closely that of ly-gluon fusion. However, 
because we now demand two b tags, the backgrounds are generally smaller, with the exception 
of Wbb and ti WWbb, which also contain two b jets in the final state. To select the 
correct b jet to associate with the top quark, we use the fact that in qq tb the b quark 
from top decay tends to go in the proton direction in pp collisions 0]. As in the ly-gluon- 
fusion analysis, we choose the solution for the neutrino momentum which has the smallest 
magnitude of rapidity.Q 

The results are presented in Table ^. As in the VT-gluon fusion analysis, a jet veto 
is necessary to suppress the enormous ti background. The resulting blv invariant-mass 
distribution is show in Fig. |^ at the Tevatron {\fS = 2 TeV) and in Fig. ^ at the LHC 
The signal is prominent at the Tevatron, although the backgrounds are non-negligible. The 
situation is less promising at the LHC, due to the large ti background, which has the same 
shape as the signal. Furthermore, the majority of signal events come from ly-gluon fusion, 
not from the s-channel process, so the double-6-tag strategy does not succeed in isolating 
the s-channel process at the LHC. We henceforth concentrate our analysis on the Tevatron 
results. 



We list in Table ^ the discovery significance [S/ yB) and the statistical accuracy [yS + B/ S) 

for s-channel production of single top quarks. As with H^-gluon fusion, there is not enough 

^^Our analysis is essentially the same as Ref. 0], with the exception that we do not make the cut M(bb) > 
110 GeV, which was made to suppress the WZ Wbb background. We have found this cut to be unnecessary, 
as this background is modest in the signal region, M{blv) nit , as evidenced by the results in Table |[ 
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Figure 6: The Mu invariant-mass (M) distribution for single-top-quark production and back- 
grounds at the Tevatron (v^ = 2 TeV) with double b tagging. The s-channel signal is 
denoted by tb, and the VT-gluon- fusion process by tbj (the Wt process is negligibly small). 
The Wjj background is dominated by Wbb. The tt background is shown separately. 
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M (GeV) 

Figure 7: The Mu invariant-mass (M) distribution for single-top-quark production and back- 
grounds at the LHC with double b tagging. The s-channel signal is denoted by tb, and the 
VF-gluon-fusion process by tbj (the Wt process is negligibly small). The Wjj background is 
dominated by Wbb. The tt background is shown separately. 
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Table 5: Cross sections (fb) for single-top-quark production and a variety of background 
processes at the Tevatron and the LHC. The s-channel signal is denoted by tb, and the W- 
gluon-fusion process is denoted by tbj. The analysis is as described in the caption of Table ^ 
except we have required two b tags instead of one and only one b tag. 





Tevatron 


1.8 TeV pp 






iotalx Dix 


Detector (peak) 


Veto (peak) 


10 




o.y 1^0. ) 


o.y 1^0. oj 


tbj 


378 


4.4 (2.3) 


1.5 (0.7) 


Wt 


16 


0.04 (0.01) 


0.03 (0.01) 


VV uU 


uouu 




zy i^o. i J 


wz 


58 


2.5 (0.6) 


2.5 (0.6) 


Wcc 




2.6 (0.5) 


2.6 (0.5) 


Wcj 


— 


0.35 (0.06) 


0.35 (0.06) 


Wjj 


— 


0.28 (0.05) 


0.28 (0.05) 


tt 


2160 


136 (61) 


8.4 (2.6) 




Tevatron 


2 TeV pp 






iotalx JdK 


Detector (peak) 


Veto (peak) 


to 






OZ [Ai ) 


tbj 


542 


21 (11) 


7 (4) 


Wt 


26 


0.1 (0.04) 


0.1 (0.04) 


Whh 

VV UU 


7zL9n 


Q7 (^ R\ 


Q7 (^ R\ 
y 1 ^ lo J 


WZ 


71 


10 (2.2) 


10 (2.2) 


Wcc 




6.3 (1.2) 


6.3 (1.2) 


Wcj 


— 


1.2 (0.2) 


1.2 (0.2) 


Wjj 


— 


0.6 (0.1) 


0.6 (0.1) 


tt 


2980 


496 (223) 


28 (8) 




LHC 


14 TeV pp 






Total X BR 


Detector (peak) 


Veto (peak) 


tb 


2270 


209 (103) 


209 (103) 


tbj 


54400 


2055 (932) 


492 (221) 


Wt 


13700 


44 (15) 


41 (14) 


Wbb 


70700 


544 (112) 


544 (112) 


WZ 


880 


50 (14) 


50 (14) 


Wcc 




51 (10) 


51 (10) 


Wcj 




83 (17) 


83 (17) 


Wjj 




13 (3) 


13 (3) 


tt 


357000 


44800 (19500) 


2780 (838) 
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Table 6: Statistical significance of the signal {S/ a/B) and accuracy of the measured cross 
section S + B / S) for single-top-quark production via the s-channel process at the Teva- 
tron. Also given is the accuracy of the extracted value of Vtb, assuming a ±6% uncertainty 
in the theoretical cross section. We include an uncertainty in the theoretical cross section, 
due to the uncertainty in the top-quark mass, of ±15% at Run I, ±7.5% at Run II, and ±5% 
beyond Run II at the Tevatron. 

S/Vb y/STB/S AVtb/Vtt 



1.8 TeV pp (110 pb-i) 
2 TeV pp (2 fb-i) 
2 TeV pp (30 fb"^) 



0.7 


190% 


95% 


6.5 


21% 


12% 


25 


5.4% 


4.7% 



data in Run I for discovery. 

Discovery {5a) will occur in Run II after approximately 1 fb~^ of integrated luminosity 
has been collected, and the cross section will ultimately be measured to ±21% with 2 fb^^ 
of data. The theoretical uncertainty in the cross section is estimated to be about ±6% 
r?! , plus an additional uncertainty from the uncertainty in the top-quark mass. Assuming 



the mass is measured to ±3 GeV in Run II [|T8l, this adds an uncertainty in the cross 
section of ±7.5% Combining all three uncertainties in quadrature, one finds that Vtb 
will be measured to ±12% via the s-channel process in Run II. This is comparable to the 
accuracy achieved via VT-gluon fusion, which has a smaller statistical uncertainty but a larger 
theoretical uncertainty. 

The small theoretical uncertainty in the s-channel process becomes increasingly relevant 
with greater integrated luminosity. With 30 fb^^ of integrated luminosity, the statistical 
uncertainty is comparable to the theoretical uncertainty of ±6%.|^ Assuming the top-quark 
mass can be measured to ±2 GeV with this amount of data there is an additional 
±5% uncertainty in the theoretical cross section from the uncertainty in the top-quark mass. 
Combining all three uncertainties in quadrature, one finds that Vtb can be measured to 
±4.7% with 30 fb~^ of integrated luminosity at the Tevatron. This is better than the ±7.6% 



''It is likely that the theoretical uncertainty can be reduced below ±6% with additional work ni 
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uncertainty achieved via VT-gluon fusion, due to its larger theoretical uncertainty. 



6 Polarization 

Single-top-quark production proceeds via the weak interaction, so the top quarks pro- 
duced are highly polarized [§, |^. The optimal basis for the study of this polarization was 
recently constructed in Ref. |2^. The top quark is 100% polarized, in the top-quark rest 



frame, along the direction of the d quark (or d antiquark) in the event. Since py-gluon fusion 
proceeds via ug dtb about 77% of the time at the Tevatron (v^ = 2 TeV), the d quark is 
usually the light-quark jet. The other 23% of the events proceed via dg — > utb, in which case 
the d quark is moving along one of the beam directions. However, since the light- (anti) quark 
(m) jet tends to move in the same direction as the d antiquark, the direction of the light-quark 
jet is still a rather good basis to analyze the spin in these events. It is shown in Ref. |^3| 
that the top quark has a net 96% polarization along the direction of the light-quark jet in 
single-top-quark production via ly-gluon fusion at the Tevatron (v^ = 2 TeV). 

Since the top quark decays well before QCD interactions can flip its spin, the polarization 
of the top quark is observable in the distribution of its decay products [0. The most sensitive 



spin analyzer is the charged lepton in semileptonic decay, whose partial width (F) has the 
angular distribution 

T^T^ = -(l + cos^) (2) 
rdcos^ 2^ ' ^ ' 

where 6 is the angle, in the top-quark rest frame, between the direction of the charged 
lepton and the spin of the top quark Thus, in ly-gluon-fusion events, the charged 

lepton from top-quark decay has an angular distribution with respect to the light-quark jet, 
in the top-quark rest frame, given approximately by Eq. (|^). 

We show in Fig. ^ the angular distribution of the charged lepton with respect to the 
direction of the non-6-tagged jet, in the top-quark rest frame, from single-top-quark events 
at the Tevatron (v^ = 2 TeV). The expected angular distribution, Eq. (^, is approximately 
observed, but is degraded by the cuts in Table ||, jet resolution, jet veto, and reconstruction 
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cos^ 



Figure 8: Angular distribution of the charged lepton in single-top-quark events at the Teva- 
tron (v^ = 2 TeV), with respect to the non-6-tagged jet, in the top-quark rest frame. Also 
shown is the angular distribution of the sum of all background events. The distributions 
correspond to the events in the last column of Table ^. 

of the neutrino's momentum, as well as the contribution from the s-channel process. The 
suppression at cos6' ^ 1 is due to the ARji > 0.7 cut between the charged lepton and the 
jet. The other curve is due to the sum of all the backgrounds, and is nearly isotropic (except 
for the suppression at cos6' ^ 1), despite the cuts imposed on the events. 

A simple test to observe the top-quark polarization in VT-gluon fusion is to measure the 
asymmetry in the angular distribution of the charged lepton. Fig. ^ Since the ARji > 0.7 
cut removes the small-angle region, we define an asymmetry between —1 < cos 6' < 0.8: 

^ ^ ^(-1 < cos^ < -0.1) - (t{-0.1 < cose < 0.8) 

" a(-l <cose < -0.1) + or(-0.1 < cos^ < 0.8) ^ ^ 

The signal in Fig. |^ has an asymmetry of —38%. An unpolarized top quark would have 
zero asymmetry, so a nonzero asymmetry measurement would constitute observation of the 
polarization of the top-quark in ly-gluon fusion events. Including the background, the 
expected asymmetry measurment at the Tevatron is about —14%. Evidence for nonzero 
asymmetry {3a) will be available in the Run II data. Observation at the 5a level takes 
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approximately 500 signal events, which requires about 5 fb ^ of integrated luminosity. The 
asymmetry is also evident at the LHC. 

7 Conclusions 

In this paper we have outlined a strategy to discover single-top-quark production via 
W^-gluon fusion and measure its cross section at the Fermilab Tevatron and the CERN LHC. 
The signal is extracted by searching for a semileptonically-decaying top quark with one b tag, 
a non-6-tagged jet, and no additional jets or leptons. We have also studied single-top- quark 
production via qq —>■ tb, which can be separated from PF-gluon fusion (at the Tevatron) by 
requiring two b tags. These two single-top-quark production processes provide independent 
measurements of the CKM matrix element Vtb, and are generally influenced by new physics 
in different ways. 

Since the final state in single-top-quark production via ly-gluon fusion [qg —>■ tbq) con- 
tains a b antiquark in addition to the desired signal, we have calculated the cross section with 
the pt of the b antiquark below 20 GeV. This is a large fraction of the total cross section, 
since the b antiquark arises from the splitting of the initial gluon to a nearly-coUinear hb 
pair, and hence is usually at low pt- The calculation of this cross section requires careful 
consideration of the collinear region. We obtained this cross section by subtracting the cross 
section with px > 20 GeV from the next-to-leading-order total cross section. The resulting 
cross section, listed in Table has an uncertainty of about ±10% (estimated by varying the 
scale in the gluon distribution function and the strong coupling), as well as an additional 
uncertainty of ±10% from the parton distribution functions, resulting in a total theoretical 
uncertainty of ±15%. 

The accuracy with which Vtb can be extracted from single-top-quark production via W- 
gluon fusion is listed in Table ^. An accuracy of about ±12% should be achieved in Run II 
at the Tevatron. The accuracy saturates at 7.6% (half the theoretical uncertainty) at both 
the Tevatron (30 fb~^) and the LHC. Improving the accuracy therefore requires additional 
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work to reduce the theoretical uncertainty in the cross section. 

We also considered single-top-quark production via qq — > tb. This process has a smaller 
theoretical uncertainty, but a larger statistical uncertainty. The accuracy with which Vtb can 
be extracted via this process is listed in Table The accuracy is only slightly worse than 
that of W^-gluon fusion in Run II at the Tevatron. With additional integrated luminosity (30 
fb~^), an accuracy of ±5% can be achieved, somewhat better than that of VT-gluon fusion. 
Single-top-quark production via qq —>■ tb is much more difficult to extract at the LHC due 
to the large background from ti and ly-gluon fusion. 

We also considered the amount of data needed to detect the polarization of the top quark 
in single-top-quark production via VT-gluon fusion. We found that Run II at the Tevatron 
will produce evidence for this effect. Approximately 5 fb~^ of integrated luminosity is needed 
to establish the polarization at the 5a level. 

Single-top-quark production via ly-gluon fusion and qq —>■ tb represents an entirely new 
window into the weak interactions of the top quark. We eagerly await their discovery in Run 
II at the Tevatron. 

Note added: While completing this work, another paper on single-top-quark production 
at hadron colliders appeared [0 . This paper advocates using a signal consisting of the decay 
products of the top quark plus one or two additional jets, with two b tags. This is similar to 
our s-channel analysis, although we require one and only one additional jet. 
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